Smelters in northern France are a serious source of soil pollution by heavy metals. We have studied a poplar plantation downwind of an active zinc smelter. Three humus profiles were sampled at increasing distance from the smelter, and the thickness of topsoil horizons was measured along a transect. We analysed the vertical distribution of humus components and plant debris to assess the impact of heavy metal pollution on the humus forms and on soil faunal activity. We compared horizons within a profile, humus profiles between them, and traced the recent history of the site.
Introduction
Today, in northern France, numerous sites are polluted by heavy metals (Balabane et al., 1999; Sterckeman et al., 2000) . In the Nord-Pas-de-Calais district alone, more than 125 sites polluted by smelting have been registered (Recensement 1996 des Sites et Sols Pollués, Ministère de l'Aménagement du Territoire et de l'Environnement). There are two sources of pollution: (a) the atmospheric emission of metals from smelters, and (b) dumping of slag rich in heavy metals. Soil surface horizons suffer most from atmospheric fallout (James & Riha, 1986) . Thus, when their buffering capacity is exceeded, they become biologically less diverse (Belotti & Babel, 1993) . They also exhibit severe physical (structure, texture) and chemical (ion leaching) changes (Schvartz et al., 1999; Sterckeman et al., 2000) .
Direct and indirect effects of heavy metal pollution on the soil fauna have been observed and demonstrated experimentally (Bengtsson et al., 1983; Hågvar & Abrahamsen 1990; Grelle et al., 2000) . Such impacts have far-reaching consequences on the processes of humification and mineralization and on the development of humus forms (Ponge, 1999) . In particular, a reduction in faunal activity may result in the accumulation of undecayed plant debris on the ground surface, due to the absence of litter comminution and faecal deposition . Soil microbial communities are also severely affected by heavy metal pollution, which results in a decrease in the decomposition rate of organic matter (Balabane et al., 1999) and avoidance of litter by soil animals (Tranvik & Eijsackers, 1989) .
We aimed in this study to assess the impact of heavy metal pollution on humus profiles and soil biogenic structures. Since we know that in the North of France communities of macroinvertebrates are severely affected by high levels of heavy metal deposition (Grelle et al., 2000) , we hypothesize that changes in humus form occur under direct (toxicity) and indirect (changes in litter composition) effects of heavy metals.
Litter accumulation in polluted areas has been widely reported (Coughtrey et al., 1979; Bengtsson & Rundgren, 1988; Ohtonen, 1994) , but little work has been done in France on the influence of heavy metal deposition on humus profiles (Balabane et al., 1999) . Direct observation of the soil under the microscope, also called micromorphology (Kubiëna, 1943) , has been shown to be essential to the knowledge of biological processes in surface soil horizons (Bernier, 1996) , in particular the biogenic structures formed by several animal groups can be identified and quantified (Topoliantz et al., 2000) . In the present study, we used the method devised by Bernier & Ponge (1994) , which enabled us to analyse the soil matrix both qualitatively and quantitatively. It is used to measure the volume of humus components, including the root systems, by a count-point procedure (Bernier & Ponge, 1994) . Micromorphology describes holorganic and hemorganic horizons and also it characterizes soil biological activity by quantifying biogenic structures (Topoliantz et al., 2000) . By comparing the successive layers of the humus profile, it is also possible to reconstruct the recent history of the sites, especially these on which litter accumulates (Bernier & Ponge, 1994) .
Material and methods

The study sites
The Bois des Asturies in Auby (Nord, France) is near and downwind of a zinc smelter which is one of the largest in the world (producing 245 000 tons of zinc per year). The wood today suffers from active pollution by heavy metals, mainly Zn, but Cd and Pb are present in the soil from past activity. This site was formerly used to deposit slag rich in heavy metals. Hybrid poplar (Populus sp.) was planted in 1974 and 1977 on the site most remote from the smelter and in 1981 and 1983 nearer the smelter, after a change in production methods when electrolysis replaced coal burning. The plantation becomes sparser nearer to the smelter, due to death of most trees, and surviving ones are stunted.
A sward of plants tolerant of heavy metals such as Viola calaminaria, Armeria maritima halleri, Arrhenaterum elatius and Cardaminopsis halleri covers the ground.
Three sites were studied. Site P1, 490 m from the smelter, is characterized by a field layer with A. elatius and C. halleri as dominant species, under a closed poplar canopy.
Site P2, 340 m from the smelter, has a dense cover of V. calaminaria under an incomplete poplar canopy. There is no poplar at site P3, nearest the smelter (235 m), and the field layer is dominated by A. maritima halleri and Phragmites australis.
The soil is a silty clay loam, but the top 10 centimetres are mainly organic matter, humified and partly mixed with mineral matter in P1, but undecayed in P2 and P3. We measured soil pH and heavy metal contents at the three sites.
Earthworm sampling
We sampled lumbricid worms near the humus profiles studied. The extraction was done in six 0.5 m 2 stainless steel rings evenly spaced around the sampling point, 1 m away. Three successive waterings were performed with a diluted formalin solution at increasing concentration (3‰, 4‰, then 5‰). The worms so expelled were rinsed in tap water and preserved in formalin solution (36%) until identification at the species level. Animals extracted from the six rings were pooled to give estimates of densities for each earthworm species per square metre.
Chemical analyses
Five soil cores were taken at each of the three sites with a 5-cm diameter sample corer to 10 cm depth. Samples were air-dried at 25°C to constant weight, then stored in plastic bags until analysed.
The pH was measured electrometrically in both a 1:5 (by volume) soil:water and soil:potassium chloride (0.1 M) suspension. Total zinc, lead and cadmium were determined after solubilization of mineral matter by hydrofluoric and perchloric acids, and after preliminary destruction of organic matter by combustion at 450°C. Lead and cadmium were measured by atomic absorption at 283.3 nm and 228.0 nm, respectively and zinc by plasma emission at 213.86 nm.
Humus micromorphology
Our sampling method is described by Bernier & Ponge (1994) . Our three samples (P1, P2, P3) were randomly chosen in each site, well away from the tree trunks. A block of soil 25 cm² in area and 10 cm deep was cut with a sharp knife, with as little disturbance as possible, and the litter and soil surrounding it were gently excavated. The various layers within the blocks were distinguished by eye in the field. Each layer was fixed immediately in 95% ethanol. The thickness of each layer was measured and annotated according to the nomenclature of Brêthes et al. (1995) as modified by Ponge et al. (2000) for mor humus. The layers were classified into OL (entire leaves), OF (fragmented leaves with faecal pellets), OH (accumulated faecal pellets), OM (mechanically fragmented leaves without faecal pellets), A (hemorganic horizon) or S (weathered horizon). When several layers were sampled in the same horizon (on the basis of visible differences), samples were numbered successively, for example OL1, OL2 and OL3. Samples of the plants growing nearby were taken and frozen at the laboratory to help the subsequent identification of plant debris.
In the laboratory, we spread each sub-sample (layer) gently with our fingers in a petri dish, taking care not to break the aggregates; the petri dish was then filled with 95%
ethanol. Plant samples from the site were also placed in alcohol. The soil specimens were examined under a dissecting microscope at x50 magnification with a cross reticule in the 
Additional transect
To ensure that the three sites chosen for describing humus profiles are truly representative, we inspected soil surface horizons and took single samples for heavy metal analysis from 15 points along a transect 130-500 m from the smelter. This transect is considered representative of the range of environmental conditions on the site. At each point we dug to 20 cm depth over a 30 cm distance and noted the thickness of surface horizons to the nearest 0.5 cm. Horizons were classified as described above.
Statistical treatment
We used Mann-Whitney non-parametric tests to compare the three sites (pH, heavy metal contents). Comparisons were done by couples, assessing whether two samples came from the same statistical population. We calculated a Bravais-Pearson correlation coefficient between the Zn content and the thickness of the OM horizon along the additional transect, where sampling was not replicated.
Results
Chemical analyses (Table 1)
The pH (in water) of the top 10 cm of the soil is similar at the three sites (6.7, 6.9 and 6.9, respectively at P1, P2 and P3). In KCl, the pHs were 6.0, 6.5 and 6.4, respectively, with a significant difference between P1 and P3.
The total zinc content of the top 10 cm of the soil increases significantly from P1 ). Thus site P2 is less contaminated by Zn than P3, but has similar concentrations of Pb and Cd.
Earthworm sampling
Earthworms are present at P1 ( ). Only four earthworms were found in the six samples collected in P2, which corresponds to a density of only 3 worms per square metre. These individuals belong to D. rubidus (3) and L. rubellus (1). There were no earthworms in site P3.
Micromorphological analyses
One hundred and five different kinds of material (Table 2) . This is accompanied by the appearance of an A horizon and thinning of the OM horizon ( Figure   5 ). There is a significant linear correlation between the thickness of the OM horizon and the Zn content of topsoil horizons (r = 0.87).
Discussion and conclusions
Our site is heavily polluted by heavy metals, when we compare our data (Table 1, Figure   5 ) with the norms suggested for agricultural soils by the European Council (300 mg.kg -1
for Zn and Pb, 3 mg.kg -1 for Cd). Even the least polluted soil, 500 m from the smelter, is far above these thresholds. Schvartz et al. (1999) estimate regional background values to be 50, 15 and 0.1 mg.kg -1 for Zn, Pb and Cd, respectively.
There was an abrupt passage from mull to mor at a threshold of about 20 000 mg.kg -1 for Zn ( Figure 5 ). The sharpness of the changes in humus form and in Zn content of the topsoil can be explained by a positive feed-back involving both plants and animals . Near the smelter plants that hyperaccumulate Zn and Cd such as C.
halleri and V. calaminaria (Brooks, 1998) are abundant, especially in the sunny zone where the planted poplar never grew properly or died (sites P2 and P3). Heavy metals concentrate in the accumulating litter of these plants, increasing the heavy metal contents of the topsoil in excess of those arising from atmospheric deposition alone (Balabane et al., 1999) . This is confirmed by the fact that springtail species collected from OM horizons at P2 and P3, which normally feed on fungi and decaying roots (Ponge, 2000) , were found to eat mineral matter from the underlying S horizon. In contrast, farther from the smelter (site P1), mixing of organic matter with mineral matter by the anecic earthworm A. limicola and the millipede P. angustus contributed to the dilution of heavy metals, decreasing their content in the topsoil (Sterckeman et al., 2000) .
Can we discard possible effects of heterogeneous site conditions on humus forms, not explained by the heavy metal content of the topsoil? We have little information about the past land use before smeltering began at the turn of the nineteenth century. Most probably the site had been used for agriculture, as shown by the fertility of the loessic soil.
The site is level, and the soil is a homogeneous deep loess so we believe that any effects other than those of heavy metals can be disregarded. In addition, examination of Figure 5 reveals that the sudden decrease in Zn content observed at T12 (within the zone near the smelter where the Zn content is large) coincides with the appearance of a mull A horizon, below the mor OM horizon. This shows that changes in the heavy metal content of the topsoil are matched by a change in the humus form, indicating that the humus form (and associated soil animal and microbial communities) is controlled by heavy metals.
At P2 and P3 humus profiles are of the mor type. Here there is little evidence of animal activity in the soil such as the accumulation of faecal material within A (hemorganic) or OH (holorganic) horizons. Several reasons, together, may explain the development of mor despite a nutrient-rich and easily weathered loessic parent material (Sterckeman et al., 2000) . Toxic heavy metals exert a selective pressure on soil organisms, reducing the diversity of functional groups when a resilience threshold is reached (Belotti & Babel, 1993) . Some animal species can adapt, becoming more resistant to heavy metals (Spurgeon & Hopkin, 2000) , but there are limits to this process.
Animal communities become poorer in species as pollution increases (Hågvar & Abrahamsen, 1990) , and decomposition processes are severely affected by the decline of the saprophagous fauna (Hopkin, 1994) . Another reason for the collapse of animal activity is that plant debris and fungal hyphae rich in heavy metals are present in the litter and are not processed by litter-feeding animals because of their resistance to microbial attack (Balabane et al., 1999) or of avoidance behaviour (Filser & Hölscher, 1997) . We found that sites P2 and P3 are rich in Collembola but most of the individuals feed either on aerial deposits (pollen, spores) or on the underlying substrate (silt and clay particles, with their attached microflora), thus showing the unattractive nature of the contaminated litter.
As we found earlier (Bernier & Ponge 1994) , the micromorphological method used to describe humus profiles enabled us to study the recent history of sites P2 and P3. This is possible when plant debris decays slowly and does not become incorporated rapidly into the mineral soil.
At site P3 we observed a pale clayey layer at the base of the humus profile, sandwiched between two dark mineral layers. The 'sandwich' was created during landscaping of a spoil heap after coal was replaced by electricity as a source of energy in 1975. Poplar was planted in 1983. Just above this clayey horizon we find P. australis remains from the first spontaneous vegetation (Figure 4 ). This indicates that the soil was wet at that time, as a result of compaction of the underlying substrate. Later P. australis was replaced by A. maritima halleri, which accumulated its own litter (roots included) over the top 7 cm of the humus profile (Figure 4 ). This small species is very tolerant of zinc (while not accumulating the metal in its aerial parts) and is often found growing on calamine contaminated sites (Brooks, 1998) . This change in the composition of the ground flora can be explained by the growth of poplar trees, which take up a lot of water and thus decreased the moisture content of the soil. Subsequently some of the poplar trees died while some others grew poorly, probably because of the concentration of heavy metals in the soil. Mosses and lichens appear only in the top 3 cm but increase in volume in the topmost centimetre. This may indicate a recent decline in the Armeria population.
At site P2, where some poplar litter still falls on the ground (Figure 2 animal faeces occurs at 6-7 cm depth, where poplar litter is more abundant. We lack stratified heavy metal analyses but we can presume that the heavy metal content of organic topsoil horizons increased as hyperaccumulator plants progressively colonized the site, eventually suppressing saprophagous activity after a period of weak activity when poplar litter was still falling to the ground. There is no moss on the present ground surface because it has been shaded out by V. calaminaria which thrives on the site and is unlikely to be replaced by other vegetation under present conditions.
The soil least polluted by zinc, lead and cadmium (P1) is characterized by mull humus, with strong earthworm and millipede activity throughout the A horizon (Figure 1 ).
Poplar litter degrades rapidly. The large carbon content of the A horizon (estimated from the dark colour of hemorganic aggregates) might have two distinct causes. Though there is much less heavy metal contamination at P1 than at P2 and P3, the amounts are still large (Table 1) . These polyvalent cations play a similar role to calcium in the stabilization of organic matter (Dupuy & Douay, 2001 ) and thus they too may blacken the soil (Gobat et al., 1998) . Another hypothesis is that this profile progressed from a dysmoder (with a thick dark OH horizon made of humified organic matter) to a mull, following a decrease in the atmospheric deposition of heavy metals. We note that in 1987 a new less-polluting process was used for zinc production. Despite intense mixing of soil horizons, the presence of shiny rust-coloured particles in the top 3 cm of the soil reflects the changes in the process at the smelter. Jarosite, a potassium iron sulphate hydroxide, was replaced by goethite (an iron oxyhydroxide). The goethite was probably transformed into haematite during the heating process, before being emitted as dust to the atmosphere. If our second hypothesis is true then we must ask where millipedes and anecic earthworms come from.
Perhaps they come from nearby gardens, manure or compost heaps, or from the expansion of small relict populations at the site.
In a conclusion, we show that the micromorphological method of Bernier & Ponge (1994) enabled us to describe humus profiles of polluted soils in a way that gives a particular insight on biological trends. The plant succession, as well as the change of plant remains to humus, can be followed by comparing the various layers belonging to a profile.
Pollution by heavy metals (here mainly zinc) causes changes in both vegetation and soil foodwebs, after a given threshold is reached. This threshold (here estimated to 20 000 mg.kg -1 Zn in the topsoil) measures the resilience of the ecosystem exposed to an environmental stress originating from heavy metal toxicity. Where this threshold is exceeded, poor, unproductive vegetation replaces trees, saprophagous activity declines strongly in the topsoil, and this is reflected in a change from mull to mor. Table 1 ) at least polluted site P1. Percentage of the total matrix volume as abscissae (arbitrarily mirrorred on the negative axis for clarity). Table 1 ) at the moderately polluted site P2. Percentage of the total matrix volume as abscissae (arbitrarily mirrorred on the negative axis for clarity). T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  T11  T12  T13  T14 
